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Sampling stygofauna is both time consuming and labour intensive. The challenge is to get samples from as many
bores as possible within a limited time. The essential assumption for this is that faunal communities inside bores are
comparable and representative of the communities outside.
To compare relative abundance, taxonomic richness and community composition of the fauna inside groundwater
bores to the fauna of the surrounding aquifer, 20 monitoring bores in Palatinate, southwestern Germany, were
sampled twice in 1 month. Initially, a sample of 4 l of water was collected from the bottom of each bore. A further
sample of 51 l was collected from the groundwater surrounding the bore using a pneumatic piston pump with double
packer sampler.
Water chemistry inside and outside the bore was similar, but the relative amounts of sediments within the bores were
higher compared to those from outside. Relative abundances of fauna inside the bores were higher than in the aquifer,
but taxonomic composition was similar with the exception of the proportions of nematodes and amphipods, which
were higher inside. As a result, the proportions of cyclopoids were lower inside. Higher nematode proportions are
explained partially by the nearly complete extraction of bore sediment. A ‘‘habitat heterogeneity effect’’ states that in
heterogeneous aquifers with few suitable habitats, faunal distribution is supposed to be extremely patchy. Thus,
detritus accumulates in bores, attracting animals and providing ‘‘habitat islands’’ in the groundwater. This effect could
explain the higher amphipode proportions inside the bores, which were generally more frequently populated than the
surrounding groundwater. As a consequence, fauna is thought to be nearly absent from groundwater, where suitable
habitats are lacking. In those sparsely populated aquifers, samples representative of the aquifer taxonomic richness and
composition can only be collected by removing large volumes of water, or by sampling the bottom of bores. These
ﬁndings also suggest that the use of unbaited colonisation chambers or traps in the groundwater, which are
comparable with bores, would seem to be a promising approach.
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Keywords: Stygofauna; Groundwater; Bore water; Taxonomic composition; Sampling strategies; Sampling methodse front matter r 2005 Elsevier GmbH. All rights reserved.
no.2004.09.002
ing author. Tel.: +496341 280 211,
80 3411.
ess: hjhahn@uni-landau.de (H.J. Hahn).Introduction
Studies on stygofauna require different sampling
techniques that are determined to a large extent by the
hypothesis, scale and the kind of subterranean habitat
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H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–4432(Hahn, 2002a; Malard, Doˆle-Olivier, Mathieu, & Stoch,
2002). Beside few springs and caves, monitoring bores
are in many regions the only sites that give access to the
groundwater. Thus collecting groundwater from bores,
in particular by pumping and phreatic netting, has
become the most common method to sample stygofau-
na. In the hyporheic zone and in the shallow ground-
water, collecting fauna with standpipes and the Bou-
Rouch method provide good data (Boulton, Doˆle-
Olivier, & Marmonier, 2004) over space and time, while
information on spatial distribution of stygofauna from
bores depends strongly on the bore construction and the
type of sampling device, e.g. type of pump or phreatic
net. The situation of the ﬁlter screens of a bore deﬁnes
the area the fauna may derive from: Bores with long
screens integrate the fauna over the whole length of the
screens, especially, if large volumes of water are sampled
and the bore is purged several times. Bores with a short
screen deﬁne exactly the depth the animals are sampled
from. While phreatic nets and most pumps integrate
over depth, exlusively pumps with double packer
sampler (i.e. Danielopol & Niederreiter, 1987) allow
for sampling at deﬁned depths.
For large scale studies on biodiversity and biogeogra-
phy, the small scale distribution of fauna is not essential,
but taxonomic representativity is. The challenge is to get
samples from as many bores as possible within a limited
time, and the fauna and water samples should be
representative of the aquifer. Pumping high volumes of
groundwater is time-consuming (Hahn, 2002a; Matzke &
Hahn, 2002), and to restrict sampling efforts to the bore
content or even to the bottom of the bores would help to
reduce sampling-associated time and labour signiﬁcantly.
The essential assumption for this is that faunal commu-
nities inside bores are comparable and representative of
the communities outside.
Relative abundances (individuals per litre) were found
to be higher inside groundwater bores compared to
outside (Hakenkamp & Palmer, 1992; Steenken, 1998). In
the hyporheic zone, Hunt & Stanley (2000), Boulton,
Doˆle-Olivier, & Marmonier (2003) and Boulton et al.
(2004) observed that communities and densities of fauna
in the ﬁrst litres of samples were different from the
consecutive samples. On the other hand, Steenken (1998)
found no signiﬁcant differences concerning taxonomic
composition between bore content and aquifer samples,
as did Hahn (2003) in the hyporheic zone. Sampling the
bottom of wells Dumas & Fontanini (2001) obtained
similar taxonomic and relative abundance patterns when
comparing a phreatic net to a centrifugal pump, but no
studies are yet available that focus on comparing the
fauna occurring inside bores to that of the aquifer.
The aim of this study was to ﬁnd out if relative
abundance, taxonomic richness and community compo-
sition of the fauna on the bottom of bores is comparable
to the fauna from 50 l of aquifer water.Study area and sample sites
The study was carried out in Palatinate, southwestern
Germany in two contrasting natural geographic regions
(‘‘naturraums’’; see Hahn, 2002b), the Pfa¨lzerwald
Mountains and the Upper Rhine Plateau (Fig. 1).
The Pfa¨lzerwald Mountains reach a maximal altitute
of 673ma.s.l. and are a forested sandstone area with
poor, sandy soils and high rate of groundwater recharge.
Groundwater is characterized by low electrical con-
ductance (mostly o250 mS/cm), low pH-values (mostly
opH 6.0), low buffering capacity (mostlyo0.2mmol/l),
low nitrate concentrations (mostlyo10.0mg/l) and high
oxygen concentrations (mostly 45.0mg/l).
The often loamy soils of the Upper Rhine Plateau are
intensively used for agriculture. The aquifers consist of
tertiary and quarternary alluvial sands and contain
the largest groundwater resources of Southwestern
Germany. Groundwater is hard (mostly 4750 mS/cm)
and pH-values ﬂuctuate around pH 7.0, buffering
capacity (mostly 45.0mmol/l) and nitrate concentra-
tions (mostly 430.0mg/l) are high, while oxygen
concentrations are often low (o5.0mg/l).
In total, 20 bores (this term is synonymously used for
‘‘piezometers’’, in this study) were selected from the
monitoring network of the local water administration
(Landesamt fu¨r Wasserwirtschaft Rheinland-Pfalz),
from which 16 bores were situated in the Pfa¨lzerwald
Mountains 5–10 km south of Kaiserslautern and four
bores in the Upper Rhine Plateau 6 km east of Landau
in the Pfalz (Fig. 1, Table 1). Most bores were more than
10 years old, but bores M 25–M 34 were drilled in 1999
and 2000. All of the bores were permanently covered
with a lid, without the protection of a textile sock and
without installed pumping structures. The bottom
10–50 cm of each bore was left unscreened. Above this,
the bores were screened continuously according to Table
1. On all sampling occasions, the groundwater table was
higher than the ﬁlter screen. Precise data regarding the
age of water were not available, but the owners of the
bores suppose all sites to be inﬂuenced by components
of relatively young water (from a few months to 2
years). Further site-speciﬁc hydrological data were not
available, too. Criteria for the selection were: (1) Depth
of the bores less than 30m; (2) bores situated in the same
area, and (3) good vehicular access.Methods
In the Pfa¨lzerwald Mountains, bores were sampled
between 28 January and 20 March 2002, and in the
Upper Rhine Plateau between 19 April and 21 May with
an UWITEC pneumatic double packer piston pump
(pumping rate: 3–4 l/min). Bores were sampled twice,
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Fig. 1. Map of the study area, showing the location of sampling bores.
H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–44 33and the time between the two sampling occasions was
1 month.
At each sampling occasion, a sample of 4 l was
collected from the bottom of each bore. A further
sample of 51 l was then pumped from the surrounding
aquifer. The last litre of each sample was used for the
hydrochemical analyses, while the ﬁrst fraction was
ﬁltered through a plankton net (mesh size 74 mm) for the
fauna. To sample the 4 l of water from the bottom of the
bore, the pump was equipped with a special attachment
with the double packer removed, which allowed for
sampling directly from the bore bottom (Fig. 2A). Thepump was then sunk directly to the bottom before
pumping started. After having ﬁnished pumping, the
pump was removed, rinsed and ﬁtted with the regular
double packer. Then, the pump was lowered and ﬁxed in
the slotted reach of the casing (approximately 50 cm
above the bore bottom) by blowing up the two gaskets
(Fig. 2B). A further sample of 51 l was then pumped.
Sampling of bore water and surrounding groundwater
was carried out successively within 2 h, but on nine
occasions the surrounding groundwater had to be
sampled few days later due to technical problems with
the double packer sampler.
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Table 1. Characteristics of the bores investigated
Bore Naturraum Aquifer type Latitude/Longitude
(Gaub-Kru¨ger)
ø (mm) Width of
slots (mm)
Length of
screen (m)
Depth
(m)
M 25 Pfa¨lzerwald Mountains Fissured rock 2625846/5477812 125 2.0 13.00 26.00
M 29 Pfa¨lzerwald Mountains Fissured rock 2629016/5474878 125 2.0 9.00 21.00
M 30 Pfa¨lzerwald Mountains Fissured rock 2628905/5474153 125 2.0 8.00 25.90
M 34 Pfa¨lzerwald Mountains Fissured rock 2628576/5474620 125 2.0 5.00 21.00
3048 I Pfa¨lzerwald Mountains Fissured rock 2624662/5471651 100 — 2.00 6.50
3049 I Pfa¨lzerwald Mountains Fissured rock 2626627/5473321 125 — 3.00 10.56
3050 I Pfa¨lzerwald Mountains Fissured rock 2623646/5473031 125 — 4.00 9.05
3063 I Pfa¨lzerwald Mountains Fissured rock 2627269/5470284 125 — 5.00 14.90
M2/3059 I Pfa¨lzerwald Mountains Alluvium 2627201/5474475 125 — 2.00 10.00
M 3 Pfa¨lzerwald Mountains Alluvium 2625018/5474517 125 — 2.00 10.00
BK I Pfa¨lzerwald Mountains Alluvium 2622006/5475007 125 1.0 3.00 8.63
BK II Pfa¨lzerwald Mountains Alluvium 2621880/5475382 125 1.0 3.00 8.61
BK III Pfa¨lzerwald Mountains Alluvium 2622370/5474651 125 1.0 3.00 8.61
BK IV Pfa¨lzerwald Mountains Alluvium 2621601/5474871 125 1.0 2.00 8.31
M 32 Pfa¨lzerwald Mountains Alluvium 2627877/5474582 125 2.0 4.00 8.00
Schopp WW Pfa¨lzerwald Mountains Alluvium 2623180/5471681 125 — 2.00 8.00
M 5 Upper Rhine Plateau Alluvium 2658789/5455752 100 — — 8.38
M 14 Upper Rhine Plateau Alluvium 2658048/5455640 125 5.0 3.00 9.20
M 15 Upper Rhine Plateau Alluvium 2659080/5455907 125 — 2.00 11.00
M 16 Upper Rhine Plateau Alluvium 2658904/5455659 125 — — 3.95
‘‘—’’ ¼ No information available.
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H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–44 35All hydro-chemical parameters were measured in the
ﬁeld: total dissolved iron and nitrate with Merck
Reﬂectoquant, and buffering capacity and total hard-
ness with Merck Aquamerck titration kits. Electrical
conductance, dissolved oxygen (DO), pH-value and
temperature were measured in a vessel with a WTW
Multi 340i multimeter directly after pumping. The use of
a ﬂow-through chamber for oxygen was not possible,
due to technical problems. The relative amount of sand,
detritus and iron ochre in the samples was estimated on
an ordinal scale (Table 2).
Fauna samples were stored in a cold box and then
processed in the laboratory within 24 h. They were
eluted, ﬁltered with a plankton net (74 mm) and sorted
alive. Crustaceans were determined to species level,
while the other groups were identiﬁed to the lowest
possible taxonomic level.
All data were checked for normal distribution by a
Kolmogorov-Smirnov-test. Because all taxa and many
hydro-chemical data differed signiﬁcantly from normal
distribution (po0:01), differences between the two
fractions of samples (bore water and surrounding
groundwater) and between the two sampling occasions
were analysed by the non-parametric Wilcoxon-test.Fig. 2. The pneumatic piston pump with double packer for
sampling the aquifer (A), and without double packer to sample
the bore bottom (B). Arrows indicate direction of the
groundwater ﬂow while pumping.
Table 2. Estimation of the relative amounts of sediment
Scale Description Characterisation
0 Absent No sediments in
1 Little Bottom of the sa
2 Much Bottom of the sa
3 Very much Bottom of the saDissimilarities between the fauna samples were dis-
played and analysed by Multidimensional Scaling
(MDS) using the Bray-Curtis index. MDS groups were
then tested by an analysis of discriminance. Correlations
were analysed by using the Spearman-test. Data were
processed by Excel 2000 (Microsoft Corporation) and
SPSS 12.01 (SPSS Inc.).Results
Comparison of the sampling occasions
No differences were found between the two sampling
occasions (Wilcoxon-test, po0:05) for most hydro-
chemical parameters (temperature, pH-value, electrical
conductance, buffering capacity, total hardness, total
dissolved iron and nitrate) (Table 3). The only exception
was DO, which was higher on the second occasion both
in the bore water and in the surrounding groundwater.
No differences between the two sampling occasions
were found for the relative amounts of detritus, sand
and ochre, in the bores or in the aquifer (Table 3).
In the aquifer, number of cyclopoids per litre were
signiﬁcantly higher (Table 3) on the ﬁrst sampling
occasion (mean: 0.36; median: 0) than on the second
(mean: 0.22; median: 0). In contrast, no differences
between the two sampling occasions could be found for
the total abundances, the abundance (individuals per
litre) of the other abundant species and higher taxa
(amphipods, nematodes, oligochaetes) and their propor-
tions contributing to total abundance and for the
numbers of species and higher taxa (Table 3).
Because of these few differences, data of the two
sampling occasions were not separated for the further
analyses.Comparison of the bore water and the surrounding
groundwater
Sediment and hydro-chemistry
The relative amounts of sand and detritus were
signiﬁcantly higher in the bores than in the aquifer,
while no differences were found for iron ochre (Table 3,
Fig. 3).the sampling vessel
mpling vessel (Ø ¼ 7.6 cm) slightly covered by sediment
mpling vessel covered by several millimetres of sediment
mpling vessel covered by one or more centimetres of sediment
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Table 3. Hydro-chemistry, sediments and most abundand taxa: Comparison of the two sample occasions and the water fractions
(bore water and aquifer) by a Wilcoxon rank-test
Parameters Comparison of the two sampling occasions Comparison of water fraction
Bore water Aquifer
p n p n p n
Temperature 0.262 20 0.112 19 0.123 39
DO (mg/l) 0.000*** 18 0.000*** 17 0.894 36
pH-value 0.444 20 0.197 20 0.085 40
Electrical conductance (mS/cm) 0.519 20 0.349 19 0.001** 39
Buffering capacity (mmol/l) 0.053 20 0.174 20 0.833 40
Total hardness (1dH) 0.210 19 0.219 19 0.151 38
Total dissolved iron (mg/l) 0.235 20 0.431 20 0.319 40
Nitrate (mg/l) 0.780 20 0.315 20 0.511 40
Detritus 0.570 20 0.655 20 0.001** 40
Sand 0.083 20 0.161 20 0.001** 40
Iron ochre 0.414 20 0.705 20 0.305 40
Numbers of taxa 0.375 20 0.135 20 0.001** 40
Total abundance p. Ltr. 0.150 20 0.110 20 0.000*** 40
Total abundance p. sample 0.150 20 0.110 20 0.012* 40
Amphipods p. Ltr. 0.396 20 0.317 20 0.002** 40
Cyclopoids p. Ltr. 0.344 20 0.042* 20 0.008** 40
Nematodes p. Ltr. 0.700 20 0.345 20 0.000*** 40
Oligochaetes p. Ltr. 0.394 20 0.496 20 0.001** 40
Acari p. Ltr. 0.480 20 0.655 20 0.040* 40
Diacyclops languidoides p. Ltr. 0.461 20 0.655 20 0.043* 40
Graeteriella unisetigera p. Ltr. 0.285 20 0.068 20 0.028* 40
Amphipods (%) 0.715 20 0.317 20 0.003** 40
Cyclopoids (%) 0.500 20 0.500 20 0.008** 40
Nematodes (%) 0.925 20 0.249 20 0.001** 40
Oligochaetes (%) 0.192 20 0.500 20 0.569 40
Acari (%) 0.686 20 0.655 20 0.345 40
Diacyclops languidoides (%) 1.000 20 0.180 20 0.463 40
Graeteriella unisetigera (%) 0.593 20 0.715 20 0.018* 40
*, ** and *** indicate signiﬁcance at po0:05; respectively po0:01 and po0:001: All amphipods with the exception of one specimen of Crangonyx
subterranea belonged to Niphargus aquilex.
H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–4436Hydro-chemical data (temperature, DO, pH-value,
buffering capacity, total hardness, total dissolved iron
and nitrate) of the bore water and the surrounding
groundwater were similar, with the exception of
electrical conductance, which was slightly, but signiﬁ-
cantly higher inside the bores (Table 3, Fig. 4). Inside
the bores, electrical conductance was weakly, but
signiﬁcantly correlated with the relative amount of
detritus (Spearman-test: n ¼ 40; r ¼ 0:406; p ¼ 0:009),
while no correlations were found for the surrounding
groundwater.
Fauna
Few invertebrate taxa were found in this study. In
total, six species of crustaceans and seven higher taxa
were detected (Table 4). The occurrence of thestygofauna was very different in the two naturraums.
In the Upper Rhine Plateau, all samples contained
fauna—often in high abundances (Table 4). However,
many samples from the bores of the Pfa¨lzerwald
Mountains were sparsely populated, or devoid of fauna.
Most of the unpopulated samples came from the aquifer
of the bores M 25, M 29, M 30, M 34, 3050 I, 3059 I, BK
IV and Schopp WW, where no fauna was found on any
sampling occasion. At bore M 32, both bore water and
surrounding groundwater samples were found to be
unpopulated (Table 4, Fig. 5).
Abundances per litre in the aquifer were weakly, but
signiﬁcantly correlated with the relative amount of
detritus (Spearman-test: n ¼ 40; r ¼ 0:374; p ¼ 0:018),
in particular in the Upper Rhine Plateau (Spearman-
test: n ¼ 8; r ¼ 0:760; p ¼ 0:028), while no signiﬁcant
ARTICLE IN PRESS
Fig. 3. Relative amounts of different types of sediments sampled from the bore bottom and from the aquifer. For a description of
the scales see Table 2. Data were aggregated by means over the two sample occasions. Abbreviations: PfW ¼ Pfa¨lzerwald
Mountains; URP ¼ Upper Rhine Plateau.
H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–44 37correlations were found inside the bores. Numbers of
taxa, total abundance per litre and per sample,
abundances of most taxa per litre (cyclopoids, amphi-
pods, nematodes, oligochaetes, acari, Diacyclops langui-
doides, Graeteriella unisetigera and Niphargus aquilex)
were signiﬁcantly higher in the bore water compared to
the aquifer (Table 3). Remarkably, nematodes were
absent from the aquifer samples of eight bores (seven of
them situated in the Pfa¨lzerwald Mountains), but
present in the bottom. The same was observed for
amphipods at six bores. All were situated in the
Pfa¨lzerwald Mountains and, with the exception of boreM 3, in the ﬁssured rock. This was, together with the
high numbers of unpopulated aquifer samples from the
Pfa¨lzerwald Mountains, the reason why the overall
numbers of taxa were lower in the surrounding ground-
water. In the Upper Rhine Plateau, no differences in the
numbers of taxa occurred between bore water and
aquifer (Wilcoxon-test: n ¼ 8; p ¼ 0:339).
The faunal composition (in terms of proportions of
the taxa and species) was similar in the bore water and
the surrounding groundwater (Table 3, Fig. 5), but
proportions of amphipods and nematodes were higher
inside the bores, and proportions of cyclopoids, in
ARTICLE IN PRESS
Fig. 4. Hydro-chemical data sampled from the bore bottom and from the aquifer. For a better scaling, values of electrical
conductance (EC) are divided by 50 and nitrate concentrations by 5. Data were aggregated by means over the two sample occasions.
Abbreviations: PfW ¼ Pfa¨lzerwald Mountains; URP ¼ Upper Rhine Plateau.
H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–4438particular Graeteriella unisetigera (Table 3) were
lower. For a comparison of the communities, all bores
where both aquifer and bore water were populated on at
least one sampling occasion, were displayed on a
MDS plot (Fig. 6). The MDS ordered the bores by
their community dissimilarities: the similar sites closer
together and dissimilar further apart from another.
The plot indicates that the two fractions of samples
were ordered accordingly to the bores they derived
from and in accordance with the naturraum. Thisgrouping was conﬁrmed by an analyses of discriminance
by 100% and by 97.5% respectively both for
the aggregated data used for this MDS (n ¼ 20),
and for the non-aggregated samples (n ¼ 40). MDS
Dimension 1 is strongly correlated with cyclopoids
(Spearman-test: n ¼ 20; r ¼ 0:783; po0:001), while
Dimension 2 correlates well with the nematodes
(Spearman-test: n ¼ 20; r ¼ 0:805 : po0:001) and the
numbers of taxa (Spearman-test: n ¼ 20; r ¼ 0:635 :
po0:003).
ARTICLE IN PRESS
Table 4. Taxa-site matrix of the invertebrate fauna of bore bottom water and surrounding aquifer. Total abundances were
aggregated by means over the two sampling occasions
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M 25 Bore water 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 29 Bore water 0 0 0 0 0 0 0 0 21 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 30 Bore water 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 34 Bore water 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3048 I Bore water 0 0 0 14 0 0 0 0 0 0 0 0 0 13 0 
Groundwater 0 0 1 22 0 0 0 0 0 0 0 0 0 1 0 
3049 I Bore water 0 48 0 348 0 0 0 0 86 0 0 12 0 0 0 
Groundwater 0 18 0 245 0 0 0 2 323 0 4 42 0 1 0 
3050 I Bore water 0 0 0 0 0 0 0 0 11 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3063 I Bore water 3 2 0 2 0 0 1 0 0 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 2 / 3059 I Bore water 6 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 3 Bore water 0 2 0 1 0 1 0 0 5 0 0 0 0 0 0 
Groundwater 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 
BK I Bore water 0 2 0 170 0 0 1 0 0 0 0 0 0 252 19
Groundwater 1 0 0 1 0 0 0 0 0 0 0 0 0 6 0 
BK II Bore water 0 0 2 2 0 0 0 0 0 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
BK III Bore water 0 0 0 0 0 0 0 0 0 0 1 4 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
BK IV Bore water 0 0 0 2 0 1 0 0 0 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 32 Bore water 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Schopp WW Bore water 0 2 2 26 3 1 0 0 0 0 0 0 0 3 1 
Groundwater 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 5 Bore water 0 396 8 37 0 16 0 5 0 0 12 49 31 0 0 
Groundwater 0 384 0 36 0 10 0 10 0 0 30 78 182 0 0 
M 14 Bore water 0 6 2 2 0 0 0 8 0 0 13 0 133 0 0 
Groundwater 0 0 0 2 0 0 0 3 0 0 0 0 94 0 0 
M 15 Bore water 0 16 2 43 0 1 0 21 0 0 0 0 18 0 0 
Groundwater 0 6 0 0 0 0 0 50 0 0 0 0 24 0 0 
M 16 Bore water 0 4 0 34 0 0 0 0 0 0 2 2 0 0 0 
Groundwater 0 11 0 2 0 0 0 1 0 0 2 0 1 0 0 
H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–44 39
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Fig. 5. Proportions of the most frequent taxa sampled from the bore bottom and from the aquifer. Data were aggregated by means
over the two sample occasions. Abbreviations: PfW ¼ Pfa¨lzerwald Mountains; URP ¼ Upper Rhine Plateau.
H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–4440Discussion
Comparison of the sampling occasions
While several studies have been conducted to deter-
mine the optimal sampling frequency for for the
hyporheic zone, no similar work has been done for
groundwater. In the hyporheic zone, sampling frequen-
cies of 1 week (Hahn, 2003) or less (Bretschko &
Klemens, 1986) did not seem to affect hyporheicinvertebrate communities. With respect to fauna,
hydro-chemistry and relative amounts of sediments,
the similarities between the two sampling occasions
found in this study indicate that a recovering time of 1
month is sufﬁcient for bores and the surrounding
groundwater. These results also imply that the structure
of the surrounding sediment was not substantially
altered by sampling 50 l of water, as is supposed for
large volume pumping (Marmonier, 1988; Mauclaire,
Marmonier, & Gibert, 1998). These ﬁndings also
ARTICLE IN PRESS
Fig. 6. MDS ordination of the invertebrate communities at the bottom of bores and in the surrounding aquifer. Only where both
bore and aquifer contained fauna at minimum one sampling occasion, were samples presented. Abundances were aggregated by
means over the two sample occasions according to Table 3. Arrows indicate the directions of the correlations found for the two
MDS dimensions by a Spearman-test. *, ** and *** indicate signiﬁcance at po0:05; respectively po0:01 and po0:001:
Abbreviations: PfW ¼ Pfa¨lzerwald Mountains; URP ¼ Upper Rhine Plateau.
H.J. Hahn, D. Matzke / Limnologica 35 (2005) 31–44 41indicate that, in the bores investigated, sediment
transportation by groundwater current was strong
enough to restore sediments on the bore bottoms within
1 month.Comparison of the bore content and the surrounding
groundwater
Particular organic matter (POM) in groundwater
could have been washed down from soil surface, derived
from peaty layers in the alluvial sediments, or may
originate from bacterial activity feeding on allochtho-
nous DOC, or has simply fallen into those bores and
wells, which are not covered by a lid. However, since our
bores were capped and groundwater tables higher than
the upper reach of the ﬁlter screens, most sediment
inside the bores must have been transported by ground-
water ﬂow. Relative amounts of sand and detritus werefound to be higher within the bores than outside.
Although the amounts of sediments were estimated and
not measured exactly, these ﬁndings imply that bores
tend to function as sinks and enrich sediments, as
supposed by Steenken (1998). This also raises the
question of the nutritive value of detritus for inverte-
brate fauna (see below).
Hydro-chemical values inside the bores were not
signiﬁcantly different from the surrounding ground-
water, except electrical conductance, which was higher
inside the bores and positively correlated with the
relative amount of detritus, but not in the surrounding
groundwater. This adds some evidence to suggest that
electrical conductance is increased by microbial activity
decomposing the detritus. Additionally, evaporation is
assumed to be very low within the capped bores, and so
probably had no or very minimal inﬂuence upon
electrical conductance. Schmidt (2004), who also
sampled small volumes of water with low ﬂow rates
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in the hydro-chemistry of the bore water and the
aquifer.
Total abundances, and the numbers of individuals per
litre of nearly every taxon were signiﬁcantly higher
inside the bores when compared to outside. Boulton
et al. (2003) argue that it is critical to measure
abundances by individuals per litre, because densities
of consecutive samples seem to vary signiﬁcantly, but
non-linearly with cumulative sample volume, from each
other. As an alternative, they recommend the use of
abundances per sample. Although these observations
were made in the hyporheic zone, they may also be
expected in groundwater, as was found by Boulton et al.
(2004) for an exﬁltrating site on Ain River in France.
There, densities of the ﬁrst 1 l sample were higher than
of the subsequent samples, with abundances decreasing
from the second to the tenth 1 l sample. On the other
hand, this ﬁnding raises the question to what degree the
high densities of the ﬁrst litre were caused by the content
of the bores, a question that has already been asked by
Hakenkamp & Palmer (1992). Boulton et al. (2004)
supposed that the ﬁrst litre of a sample ‘‘y probably
best represents the hyporheic assemblage drifting in the
vicinity of the standpipe y’’, which was around 0.25 l
for this type of standpipe. In their groundwater samples,
Hakenkamp & Palmer (1992) and Steenken (1998) also
found much higher densities per litre in the ﬁrst sample
volume and inside the bores, respectively, and they
argued that bores are preferentially colonized. In
general, it is difﬁcult to compare faunal abundances
between samples of differing volumes of groundwater.
However, in this study, both abundances per litre and
abundances per sample were higher inside the bores than
in the surrounding aquifers.
The enrichment of detritus as a food source for
sediment fauna (Steenken, 1998) was considered as one
of the reasons for this. Several studies indicate the
signiﬁcance of detritus as food source (Brown, Rundle,
Hutchinson, Williams, & Jones, 2003), and for
the spatial distribution of meiofauna (Brunke &
Gonser, 1999; Malard, Galassi, Lafont, Dole´dec, &
Ward, 2003). Indeed, in our study, abundances in
the aquifer were positively correlated with the relative
amount of detritus, while no signiﬁcant correlations
were found inside the bores. It seems to be, that
detritus is an abundance limiting factor in the aquifer,
but not inside the bores, where enough detritus is
available. Another question, which cannot be answered
here with the data available, is the signiﬁcance of
the nutritive quality of the detritus. It is highly probable
that pre-fossile detritus, which has been stored
for hundreds or even thousands of years in the subsur-
face of alluvial ﬂoodplains, is a less lucrative food
source than relative young, recent detritus from the soil
surface.The proportions of most taxa were similar both in the
aquifer and inside the bores. However, the proportions
of nematodes and amphipods were higher inside the
bores, and cyclopoids lower. Also, taxonomic richness
of the aquifer was lower compared to the bores, but only
in the Pfa¨lzerwald Mountains.
The higher percentages of nematodes in the bore
samples seem to be in accordance with the observations
of Boulton et al. (2004), who collected them together
with other small-sized taxa preferentially with the ﬁrst
litres of consecutive samples, detecting a ﬁltering effect,
in particular at the upwelling Le Planet site. They argue
that such animals were easily collected due to their small
size, but it is far from certain that this applies in the case
of nematodes. If there was a ﬁltering effect, particularly
in the alluvial sediments, it contributed to our ﬁndings
together with the fact, that sediment-dwelling nema-
todes were probably removed completely with the bore
sediment, which was enriched within the bores com-
pared to the aquifer. In the aquifer only a small part of
the sediment and nematodes were collected by pump-
ing—together with copepods, including the small-
bodied copepods Diacyclops languidoides and Graeter-
iella unisetigera. This could explain the lower percen-
tages of nematodes and the higher proportions of
cyclopoids in the aquifer.
Amphipode proportions were signiﬁcantly higher
inside the bores. They occurred exclusively in the
Pfa¨lzerwald Mountains and, with one exception, only
in ﬁssured rock aquifers. Amphipods were usually found
inside the bores, except for bore 3049 I where the
surrounding groundwater contained densities compar-
able to the bore content. A ﬁltering effect on collecting
larger animals like amphipods as supposed by Boulton
et al. (2004) and by Fraser & Williams (1997) might be
one reason for the poor amphipode densities detected in
the aquifer, but at the only site where amphipods were
found in the surrounding groundwater, abundances and
proportions were similar to the bore content.
Perhaps, there was a ﬁltering effect, but another
reason is also plausible: Sandy, infertile soils are typical
of the Pfa¨lzerwald Mountains and some forested sites in
the Upper Rhine Plateau. It seems, that many aquifers
in the area covered with those soils, are sparsely
populated (Hahn, 2004). Fauna was completely absent
from 16 of 32 aquifer samples in the Pfa¨lzerwald
Mountains, but was present in the bores. In contrast,
all samples from the Upper Rhine Plateau were
populated, and these bores were situated in fertile loess
soils. The absence of fauna may be due to the generally
inferior food supply, but also on spatial particularities
of the aquifers: In the Pfa¨lzerwald Mountains, the
sandstone is ﬁssured, and fauna is expected to live in
those few ﬁssures, where the current is not too fast.
Alluvial aquifers in the Pfa¨lzerwald Mountains are
characterized by average grain sizes of less than 250 mm.
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small for most meiofauna (Giere, 1993), which probably
live in small canals where groundwater ﬂows. In
consequence, suitable habitats are rare, and distribution
of subsurface fauna in those heterogeneous biotopes is
very patchy (Hakenkamp & Palmer, 1992; Gibert,
2001). Thus, if only 50 l of water are pumped (as is
suggested as minimum by Malard et al., 2002) and no
suitable habitats are located near-by, collection of any
fauna would be unlikely. Consequently, in sparsely
populated groundwater biotopes, more water (in terms
of several hundreds of litres) should be collected to get
samples representative of the taxonomic richness of the
environment. We can assume that in contrast to those
sparsely populated aquifers, bores provide habitats with
almost unlimited space, low current and with probably
good detritus food supply. Bores act as habitat islands in
the aquifer, and an enrichment of individuals and taxa
would seem to be plausible. This ‘‘habitat heterogeneity
effect’’ and the removal of the bore sediments,
eventually enhanced by a ﬁltering effect, probably
contributed to the higher proportions of the nematodes
and amphipods found within the bores.
An additional reason for the enrichment of fauna
might be the observation of Panek (1991) from the
hyporheic zone that mobility of fauna depends on
habitat quality. The worse the living conditions the
more mobile fauna, and this leads to an enrichment of
animals inside traps (or bores which act as traps). Thus,
abundances of sparsely populated aquifers are consid-
ered to be overestimated by sampling bores, and bore
fauna can give just a rough impression of the aquifer
abundances.
In cases where both bore content and surrounding
groundwater were populated, the MDS plot (Fig. 6)
displayed a good faunistic similarity between the two
water fractions and ordered them accordingly to the
bore from which they were. This implies that bore
samples and aquifer samples are generally comparable,
and that the more abundant and diverse the aquifer
fauna, the more similar are the communities found
inside and outside the bores. Or, in other words, as
mentioned by Dumas & Fontanini (2001), who com-
pared pumping and phreatic netting within bores and
who obtained very similar results concerning the
community structure: ‘‘The greatest care must y be
taken in interpreting the small-sized samples, or those
collected from sparsely populated aquifers’’.Conclusion
The bottom of groundwater bores in the Pfa¨lzerwald
Mountains and in the Upper Rhine Plateau contained
higher numbers of invertebrates than the surroundingaquifer. However, taxonomic composition was compar-
able between the two sites, as were the hydro-chemical
data.
In sparsely populated groundwater biotopes like the
Pfa¨lzerwald Mountains, the patchy distribution of
the fauna may lead to an accumulation of fauna inside
the bores, and provide higher taxonomic richness. In
such areas, representative collecting of stygofauna seems
to be possible only by pumping really high amounts of
water or by sampling the bottom of the bores with
pumping or a phreatic net. This suggests that the use of
unbaited colonisation chambers or traps in the ground-
water, which are comparable with bores, would seem to
be a promising approach.
It was not possible to conﬁrm or to refute any
ﬁltration effect. In surveys considering only taxonomic
richness, this would probably not be a problem.
However, for abundance samples, the ﬁltration effect
will probably continue to plague quantitative ground-
water sampling for the forseeable future.Acknowledgements
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